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The tetragonal c-axis alignment of Tc523 K Pr1.85Ce0.15CuO3.97 superconducting powder was
achieved in a 1 T alignment field with rotating powder/epoxy holder perpendicular to the alignment
field. The in-plane penetration depth lab for this electron-doped superconductor was derived using
zero-field-cooled Meissner diamagnetic data with low applied field (Ba,Hc1ab) parallel to the c-axis
aligned powder. A small Pr paramagnetic contribution was subtracted. The temperature dependence
of Dlab(T)5lab(T)2lab(0) @with lab(0);133 nm# up to ;0.5 Tc can be fitted well with a non-
s-wave or d-wave-like power law Dlab(T)5AT21CT4, where the T2 law is dominated at low
temperature. The present result agrees with recent phase-sensitive experiment, which indicates
d-wave nature for these electron-doped 214 cuprates. © 2001 American Institute of Physics.
@DOI: 10.1063/1.1356052#For the unconventional high-Tc cuprates, the pairing
symmetry has attracted much attention as the key informa-
tion in understanding the high-Tc mechanism. The pairing
symmetry in the hole-doped cuprates has been resolved in
favor of predominantly d-wave orbital order parameter
symmetry.1 However, the pairing symmetry for the electron-
doped cuprates remains controversial. The s-wave symmetry
was strongly supported through the in-plane penetration
depth lab(T) of Nd1.85Ce0.15CuO42y measurement using
various techniques.2–5 Strangely, indication of non-s-wave
behavior in lab(T) was also observed in the same Nd-214
cuprate.6–8 Recently, experimental evidence for d-wave pair-
ing in the electron-doped cuprate superconductors
R1.85Ce0.15CuO42y (R5Nd, Pr) was reported through the
phase-sensitive symmetry test.9 In this article, measurement
of in-plane penetration depth lab(T) on less-magnetic
Pr1.85Ce0.15CuO3.97 c-axis aligned superconducting powder
was performed in order to eliminate the rare earth magnetic
contribution. Instead of an exponential s-wave behavior, the
experimental results show a non-s-wave power law, indicat-
ing d-wave pairing symmetry.
Bulk Pr1.85Ce0.15CuO42d samples were prepared by stan-
dard solid-state reaction method. High purity Pr6O11
~99.99%!, CeO2 ~99.9%!, and CuO ~99.999%! powders were
thoroughly mixed in stoichiometric ratio and calcined at
850– 900 °C in air with several intermediate regrindings. The
calcined powders were then pressed into pellets and sintered
in air at 1050 °C for 2 days and quenched to room tempera-
ture. To obtain bulk superconductivity, the as-sintered
sample was vacuum (;0.1 Torr) annealed at 880– 885 °C
for 5–6 h and furnace cooled to room temperature. The oxy-
gen content parameter d was determined by the standard io-
dometric titration method.
The tetragonal c-axis alignment was achieved at room
temperature by mixing the superconducting powder with 60
min epoxy/hardener ~1:5 ratio! in a quartz tube with an outer
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magnetic stainless steel holder with a rotating motor of 6
rpm speed. The whole apparatus was then in a perpendicular
1 T alignment magnetic field for 2 h. The block diagram for
powder alignment is shown in Fig. 1.
Powder x-ray diffraction data were obtained by a Rigaku
Rotaflex 18 kW rotating anode diffractometer with graphite
monochrometer using Cu Ka radiation with a scanning step
of 0.02° in 2u. The electrical resistivity measurements were
performed using the standard four-probe method with a Lin-
ear Research LR-700 ac ~16 Hz! resistance bridge from 2 to
300 K. The low field ~1–5 G! magnetic susceptibility data
were obtained through a Quantum Design m-metal shielded
MPMS2 superconducting quantum interference device
~SQUID! magnetometer.
After vacuum annealing, superconductivity with Tc on-
set of 23 K and resistivity zero Tc0 of 17 K was achieved for
the oxygen-reduced bulk sample Pr1.85Ce0.15CuO3.97 . The
temperature dependence of electric resistivity r(T) for su-
perconducting Pr1.85Ce0.15CuO3.97 as well as as-sintered Mott
insulator Pr1.85Ce0.15CuO4 are shown collectively in Fig. 2.
FIG. 1. Block diagram for Pr1.85Ce0.15CuO3.97 c-axis powder alignment.0 © 2001 American Institute of Physics
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DownSince only the average Cu valence can be determined di-
rectly from the titration measurement, the oxygen-content
parameter d50.03 for the oxygen-reduced, superconducting
sample is estimated from titration with an additional assump-
tion of intermediate valence of 3.4 for Ce ions. The Ce va-
lence is chosen to fix the oxygen parameter d50 for the
unreduced insulator Pr1.85Ce0.15CuO4. The oxygen vacuum-
reducing procedure is carefully monitored in order to achieve
metal–insulator transition without 214 phase decomposition.
The superconducting Pr1.85Ce0.15CuO3.97 powder with
average grain size of 1–3 mm was successfully c-axis
aligned in epoxy. The particle size distribution can be rea-
sonably described by a logarithmic Gaussian distribution
function. The x-ray diffraction pattern of the aligned
Pr1.85Ce0.15CuO3.97 powder is shown in Fig. 3. The appear-
ance of only tetragonal (00l) lines indicates perfect c-axis
alignment. The observed tetragonal c lattice parameter is c
51.2147 nm ~with the a parameter50.3961 nm!.
Low temperature zero-field-cooled ~ZFC! molar mag-
netic susceptibility xm(T) for c-axis aligned
Pr1.85Ce0.15CuO3.97 powder with low applied magnetic field
~1–5 G! parallel to the c axis is shown in Fig. 4. Diamag-
netic Tc onset of 23 K is consistent with resistivity Tc onset
of 23 K for bulk sample. Very small Pr Curie–Weiss para-
magnetic contribution (,0.5%) extrapolated from the Tc
above was carefully subtracted before further data process-
FIG. 2. Temperature dependence of electrical resistivity r(T) for as-
sintered Pr1.85Ce0.15CuO4 and oxygen-reduced Pr1.85Ce0.15CuO3.97 bulk
samples.
FIG. 3. X-ray diffraction pattern of c-axis aligned Pr1.85Ce0.15CuO3.97 super-
conducting powder. Only tetragonal (00l) lines appear.loaded 07 Oct 2010 to 140.114.136.38. Redistribution subject to AIP liing. The almost identical xm(T) values in different applied
fields Ba from 1 to 5 G for T,12 K (,0.5 Tc) indicates that
applied field Ba is well below the lower critical field Hc1 for
T,0.5 Tc and the aligned sample is indeed in the Meissner
state region.
The Pr-corrected c-axis aligned diamagnetic susceptibil-
ity xc(T) data below 12 K were used for the estimation of
in-plane London penetration depth lab(T) by using the fol-
lowing effective formula:10
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where a is the grain size of the aligned powder, x0 is the
molar susceptibility for perfect diamagnetic sphere of diam-
eter a , and g(a) is the measured logarithmic Gaussian size
distribution for single crystal grain with size from 1 to 3 mm.
Figure 5 shows the temperature dependence of in-plane
penetration depth Dlab(T)5lab(T)2lab(0) for c-axis
aligned Pr1.85Ce0.15CuO3.97 powder. The zero temperature
penetration length lab(0) of 132.8 nm is consistent with the
reported values of 100–200 nm for isostructural
FIG. 4. Low temperature molar magnetic susceptibility xm(T) for c-axis
aligned Pr1.85Ce0.15CuO3.97 powder with low applied magnetic field ~1–5 G,
ZFC! parallel to the c axis.
FIG. 5. Temperature dependence of in-plane penetration depth Dlab(T) for
c-axis aligned Pr1.85Ce0.15CuO3.97 powder. Solid line fitting is d-wave-like
power law Dlab(T)5AT21CT4, and dashed line is s-wave-like exponen-
tial temperature dependence.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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DownNd1.85Ce0.15CuO42y .2–8,11 Isotropic s-wave-like exponential
temperature dependence gives a bad fitting ~dashed line!. In-
stead, the data can be better fitted by a non-s-wave-like
power law ~solid line!: Dlab(T)5AT21CT4, with A
50.12 nm/K2, C51.531023 nm/K.4 The T2 power law is
dominated at low temperature. The observed T2 dependence
instead of T dependence predicated for d-wave symmetry
may be originated from large disorder scattering in electron-
doped, oxygen-reduced cuprates.1,9
Since the distinction between power law and exponential
temperature dependence can be subtle, the choice of
Pr1.85Ce0.15CuO42y cuprate with much small Pr paramag-
netic correction (,0.5%) is important for the observation of
non-s-wave behavior in Dlab(T). For comparison, the less
obvious Dlab(T) power law behavior for Nd22xCexCuO42y
cuprate is probable due to larger Nd31 paramagnetic compli-
cation.
Recent phase-sensitive experimental evidence for
d-wave pairing symmetry in the electron-doped cuprate su-
perconductors was obtained through the observation of half-
flux quantum effect using a scanning SQUID microscope.8
Thus predominantly d-wave superconductivity is establishedloaded 07 Oct 2010 to 140.114.136.38. Redistribution subject to AIP liin both optimally electron- and hole-doped high-Tc super-
conductors. The present power law temperature dependence
observation in lab(T) supports their conclusion.
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